Ox-(N 2 ) n clusters with n = 3-4 have 2H/(n À 2)p structures, in which the stable 2H core ion is further solvated by (n À 2) p-bonded ligands. Upon N-protonation, the aromatic C-H bonds of the Ox ring get slightly stronger, as revealed by higher CH stretch frequencies and strongly increased IR intensities.
Introduction
Aromatic molecules play an important role in chemical and biological recognition. [1] [2] [3] [4] In particular, heterocyclic azole compounds have attracted the attention of pharmacologists since their first reported antifungal activity. 5 Good solubility in water and high thermal stability with respect to other heteroaromatic systems make these molecules suitable for the synthesis of therapeutic and natural products. 6 Among these, the oxazolecontaining amino acids are quite ubiquitous in various naturally occurring peptides, [7] [8] [9] [10] [11] [12] which possess potential antibiotic and antitumor activity. 13, 14 Such compounds have also been used to modify the bioactivity of other macromolecules. [15] [16] [17] Additionally, oxazole-bearing drugs exhibit analgesic, antituberculosis, muscle relaxant, antiinflammatory, and HIV-inhibitory properties. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Protonation of the oxazole (Ox) ring is an important process regarding its bioactivity. [28] [29] [30] For example, protonation of the Ox ring in metamifop, the acetyl-coenzyme A carboxylase (ACCase) inhibitor, governs the binding interactions between metamifop and the carboxyltransferase domain. 30 The shape and biochemical function of such biological macromolecules are often regulated by their heterocyclic building blocks, such as oxazole (Ox, C 3 H 3 NO). In the condensed phase, details of their interaction are usually obscured by macroscopic solvent effects, the interaction with other molecules and substrates, and thermal and heterogeneous broadening. 2, 3, 31 On the other hand, interrogation of the relevant small heterocyclic building blocks in the gas phase, i.e., free from interference with the external bulk environment, provides detailed insight into their physical and chemical properties relevant to the function of the heavier biomolecules. To this end, spectroscopy of cold clusters of heterocyclic molecules in supersonic beams gives direct access to the relevant interaction potentials. Herein, we employ infrared photodissociation (IRPD) spectroscopy in a tandem mass spectrometer to determine fundamental properties of protonated oxazole (H + Ox) and its microsolvation interaction with nonpolar (L = Ar) and quadrupolar (L = N 2 ) ligands with the aid of dispersion-corrected density functional theory (DFT) calculations. In a forthcoming paper, we extend these studies to dipolar ligands (L = H 2 O) to characterize the microhydration network. This combined spectroscopic and computational approach has previously been applied in our laboratory to a number of microsolvated solvated aromatic and heterocyclic cations. [32] [33] [34] [35] [36] The geometric and spectroscopic properties of the planar Ox molecule have extensively been studied in its neutral S 0 state ( 1 A 0 ). [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] However, no experimental information is available for any neutral Ox-L n clusters, probably because the broad absorption spectrum prevents the application of convenient size-selective resonant ionization techniques. 47, 48 Photoelectron spectra of Ox reveal that ionization into the planar ground electronic state ( 2 A 00 ) occurs by removal of an electron from a bonding p-orbital localized on the C4-C5 and O1-C2-N3 bonds. 49, 50 The high-resolution mass-analyzed threshold ionization spectrum of Ox provides an accurate adiabatic ionization energy, and the analysis of the observed vibrational modes confirms the planarity of the Ox + radical cation and illustrates the changes in geometry upon ionization. 50 Previous photoelectron imaging of the oxazolide anion indicates selective deprotonation of the Ox ring at the C2 position. 42 
Experimental and computational methods
IRPD spectra of mass-selected H + Ox-L n clusters are recorded in the CH, NH, and OH stretch range (2650-3600 cm À1 ) in a tandem quadrupole mass spectrometer coupled to an electron ionization (EI) source and an octupole ion guide. 53, 54 Briefly, H + Ox-L n clusters are produced in a pulsed supersonic plasma expansion utilizing electron and chemical ionization close to nozzle orifice. The expanding gas mixture is generated by seeding vapor of Ox (Sigma-Aldrich, 98%) heated to 328 K in Ar (or N 2 ) and 5% H 2 in He in a 2 : 1 ratio at a backing pressure of 10 bar. Adding H 2 to the expansion gas strongly enhances the yield of H + Ox, 55, 56 58, 60 The atomic charge distribution and second-order perturbation energies (E (2) ) of donor-acceptor orbitals involved in the H-bonds are evaluated using the natural bond orbital (NBO) analysis. 62 Further characterization of the H-bond is obtained from noncovalent interaction (NCI) calculations by evaluating the reduced gradient of the electron density, s(r) B |grad(r)|/r 4/3 , as a function of the electron density r oriented by the sign of the second eigenvalue l 2 of the Hessian, r* = r sign(l 2 ). 63, 64 The relative strengths of the H-bonding interactions are estimated by comparing the respective r* values.
Results and discussion
The IRPD spectra of H + Ox-L n recorded between 2950 and 3600 cm
À1
are summarized in Fig. 1 , and the positions, widths, and vibrational and isomer assignments of the transitions observed (A-D, X) are listed in Table 1 , along with the computed frequencies and IR intensities. The considered spectral range covers the OH, NH, and CH stretch fundamentals (n OH/NH/CH ), which are sensitive to the protonation site and the ligand binding site and bond strength. The positions, band shapes, and relative intensities of bands A-C occurring in the 3300-3450 cm À1 strongly vary with cluster size and type of ligand, suggesting their assignments to free and bound n NH modes. In contrast, peaks D1 and D2 observed in the 3150-3220 cm À1 range are relatively insensitive to the ligand type and cluster size and thus can be assigned to aromatic n CH modes not involved in ligand bonding. In the following, we discuss the structural, energetic, and vibrational properties of neutral Ox, H + Ox, and various H + Ox-L n isomers relevant for the detailed analysis of the experimental spectra. Cartesian coordinates of all relevant optimized structures are provided in the ESI. †
Ox and H + Ox monomers
The calculated geometric and vibrational parameters of neutral Ox in its planar 1 A 0 ground state (with C s symmetry) agree satisfactorily with the measurement ( Fig. 2 and Table S1 in the ESI †). 38, 44 Protonation of Ox may occur at any of the aromatic ring atoms, and their structures are shown in Fig. 3 and Table 1 . (27) n CH H/p D2 3175 (18) 3162 (36) n CH H/p D2 3175 (18) ), suggesting that once they are formed in the supersonic expansion, they could kinetically be trapped in deep potential wells. [65] [66] [67] [68] [69] [70] All H + Ox protomers can readily be distinguished by their predicted IR spectra ( Formation of the N-H s-bond upon protonation at the N atom has a significant influence on the geometry of the aromatic Ox ring skeleton (Fig. 2) . For example, the neighboring N-C2 bond elongates by 25.5 mÅ. On the other hand, the effect on the peripheral C-H bonds is comparatively smaller (Dr CH r 1.5 mÅ). Still, the perturbation is strong enough to increase the average n CH frequency with a concomitant Table 1 and Fig. S2 in the ESI †). The NBO analysis reveals that the additional proton carries almost half of the positive charge (0.465 e), while the rest is delocalized mainly on the peripheral aromatic hydrogens (Fig. S3 in the ESI †).
H + Ox-L dimers
We consider two major binding sites for Ar and N 2 attachment to H + Ox, namely H-bonding to the acidic NH proton with high positive partial charge and p-bonding to the aromatic ring. (Fig. S6 and S7 in the ESI †). Any attempt to optimize H + Ox-N 2 (C4H) converges to the H + Ox-N 2 (H) global minimum.
In Fig. 4 N-protonation increases the n CH frequencies. A possible assignment of the bands D1 and D2 to the NH bend overtone, which may gain intensity by anharmonic interaction with the intense n NH fundamental, 73 However, if that assignment were correct, such transitions should also appear in the spectra of the larger H + Ox-L n clusters, 56, 75, 76 in disagreement with experiment ( Fig. 1) . Hence, we strongly favor an assignment of bands A to n , and the IRPD spectrum lacks signal in this spectral range (Fig. S8 in ESI †).
H + Ox-L 2 trimers
Guided by the analysis of the H + Ox-L dimer spectra, addition of In the 2H isomer with the bifurcated H-bond, the two nonequivalent and strongly nonlinear NHÁ Á ÁL bonds are substantially weaker than the linear NHÁ Á ÁL bonds in the dimers. As a result, the N-H bond contracts upon attachment of the second ligand, leading to a significant incremental blue shift in n NH (Dr NH = À1.6/À2.5 mÅ, Dn NH = 36/51 cm À1 for L = Ar/N 2 ).
The effect is stronger for N 2 due to its higher H-bonding affinity. For the same reason, the asymmetry between the first and second bond is larger for N 2 . The E . Its population is below 5% considering the achieved signal-to-noise ratio and computed oscillator strengths. This result confirms that the H-bond in H + Ox-Ar 2 is clearly more stable than the p-bond, as already inferred from the n = 1 spectrum and the calculations. According to this scenario, bands D1 and D2 are assigned to the n CH modes of the H/p isomer.
The measured H + Ox-(N 2 ) 2 spectrum displays a triplet struc- isomer is statistically favored over the 2H isomer (due to the two available p minima). Taking these aspects into account, the higher intensity of band C compared to B may indicate a larger abundance of the 2H isomer, compatible with its higher D 0 value. There is no obvious explanation for the shoulder X, and our currently favored interpretation is a sequence hot band of n b NH of 2H and/or H/p, a conclusion supported by the analysis of the spectra of the colder n = 3 and 4 clusters. Similar to the Ar case, the absence of any weak transition near n f NH B 3450 cm
À1
illustrates the lack of the much less stable 2p isomer. The transitions D1 and D2 are then attributed to the n CH modes of the two assigned 2H and H/p isomers.
H
+ Ox-(N 2 ) n clusters (n = 3-4)
The complex potential energy surface of H + Ox-(N 2 ) 3 is not characterized in detail, and only two relevant structures are optimized (Fig. S9 in the ESI †) . Only one calculation is performed for the n = 4 cluster ( , a p-bound N 2 ligand slightly perturbs the bifurcated 2H trimer, whereas the slightly less stable The IRPD spectra of the n = 3 cluster shown in Fig. 7 The spectrum in the 3-1 channel, which is by a factor 5 weaker than the 3-0 channel, contains in the n allows to fragment all three ligands even for cold clusters. The added intensity of peak C in both fragment spectra is substantially larger than that of peak B. All these experimental results suggest that the 2H/p isomer is indeed more stable than the H/2p isomer, consistent with the calculations. The fact that the branching ratio into the two fragment channels is predicted correctly implies that also the absolute computed binding energies are reliable. The absence of band X in the colder n = 3 and 4 spectra ( 
Cluster growth
The n NH frequencies observed for the various H + Ox-L n clusters summarized in Fig. 8 show a clear evolution as a function of the respectively. Further complexation with p-bonded ligands in the H/(n À 1)p isomers induces small incremental blue shifts of Dn NH = +6 cm À1 for Ar (n = 2) and +14, +14, and +10 cm À1 for N 2 (n = 2-4). For L = N 2 , the most stable binding motif for n Z 2 corresponds to the 2H/(n À 2)p isomers with a bifurcated 2H trimer core further solvated by p-bonded ligands. The incremental blue shifts of p-bonding (Dn NH = +11 and +8 cm À1 for n = 3-4) are slightly smaller than for the H/(n À 1)p series because of the weaker bifurcated H-bonds in the 2H/(n À 2)p isomers.
Concluding remarks
In summary, IRPD spectra of H + Ox-L n with L = Ar (n r 2) and L = N 2 (n r 4) are analyzed in the informative CH, NH, and OH stretch range with dispersion-corrected DFT calculations. Significantly, the IRPD spectra correspond to the first spectroscopic detection of H + Ox and its clusters in the gas phase. They 
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